Abstract. Despite the use of accepted interventions to combat malaria, such as insecticide-treated bed nets and artemisinin-based combination therapy, malaria remains a leading cause of morbidity and mortality in Uganda. We investigated associations between household factors and malaria incidence in a cohort of children living in a highly endemic region of Uganda. Living in a modern house, defined as the use of non-earth floors, non-thatched roofs, and non-mud walls, was associated with approximately half malaria incidence compared with living in a traditional home (incidence rate ratio [IRR] = 0.54, P = 0.001). Other factors found to be associated with a lower incidence of malaria included living in town versus rural setting; sleeping in a room with openings to the outside (windows, eaves, and airbricks); and having an older and more educated primary caregiver. This study adds to the growing body of evidence that improved house construction may be associated with a lower risk of malaria.
INTRODUCTION
Malaria is a leading cause of morbidity and mortality in Uganda with an estimated 8-13 million cases and 103 deaths per 100,000 each year. 1, 2 Malaria is also a huge burden on the health-care system: The Uganda Ministry of Health reports that malaria accounts for 25-40% of outpatient visits to health facilities and is responsible for nearly half of inpatient pediatric deaths. 3 Uganda's National Malaria Control Program relies heavily on donor funding of proven interventions including insecticide-treated bed nets (ITNs), indoor residual spraying (IRS) of insecticide, and effective case management with artemisinin-based combination therapy (ACT). 3 However, despite scale-up of these interventions, the burden of malaria in Uganda remains high and may even be increasing in some areas. This underscores the necessity to expand and sustain interventions. 2 One factor that may be contributing to the high malaria burden in Uganda and other resource-limited countries in sub-Saharan Africa is poor housing construction. Several studies have identified particular household characteristics as risk factors for an increased burden of malaria. An increase in the presence of household openings, such as windows and open eaves, has been associated with increases in mosquito entry into the home and parasite prevalence. [4] [5] [6] [7] Poor-quality household construction materials have also been associated with increased mosquito entry, malaria incidence, and parasite prevalence. 4, 5, [8] [9] [10] [11] Several studies classify housing structures into quality groupings according to the composition of the construction materials have found poor house quality to be associated with greater presence of mosquitoes in the home and higher malaria incidence. 12, 13 We recently completed a randomized control trial of malaria chemoprevention in a cohort of 600 children from different households followed from 6 months to 2 years of age in a rural area of Uganda where malaria is highly endemic.
The primary outcome of the study was malaria incidence, defined as the number of episodes of symptomatic malaria per time at risk using passive surveillance. As part of a sub-study, researchers visited the homes of study participants and measured a variety of characteristics of the household members and the housing structure. Here, we present associations between the household characteristics and malaria incidence in children, with a focus on materials used in house construction.
MATERIALS AND METHODS
Study site and population. The study was conducted in Tororo District, a rural area in eastern Uganda characterized by subsistence farming, relatively high rates of poverty, intense year-round malaria transmission, and an entomological inoculation rate (EIR) estimated at 125 infectious bites per person-year in 2011-2012. 14 This sub-study was conducted within the context of a larger randomized control trial evaluating three regimens for the prevention of malaria, the details of which have been described previously in other studies. 15, 16 In brief, between June 2010 and July 2011, 400 human immunodeficiency virus (HIV)-unexposed and 200 HIV-exposed children of age 4-6 months were recruited using convenience sampling at a dedicated study clinic located at Tororo District Hospital. Potential study subjects were recruited from an adjacent antenatal clinic and surrounding government health centers. The eligibility criteria for enrollment into the study included the following: 1) confirmed HIV status of the biological mother, 2) negative HIV DNA polymerase chain reaction test at the time of enrollment for infants born to HIV-infected mothers, 3) residency within a 30-km radius of the dedicated study clinic, 4) agreement to come to the study clinic for any febrile episode or other illness and avoid medications given outside the study protocol, 5) not living in the same household as a previously enrolled participant in the same study, 6) the absence of any active medical problem requiring inpatient evaluation or condition requiring frequent medical attention at the time of screening, and 7) the provision of informed consent by the parent/guardian.
Follow-up of study participants. At enrollment, each household was given two long-lasting ITNs. Study participants were randomized to one of four chemoprevention arms: no chemoprevention; trimethoprim-sulfamethoxazole (Co-trimoxazole; Kampala Pharmaceutical Industries, Uganda) single dose once daily; sulfadoxine-pyrimethamine (Kamsidar, Kampala Pharmaceutical Industries, Uganda) single dose each month; and dihydroartemisinin-piperaquine (Duo-Cotexin; Holley-Cotec, Beijing, China) once daily for 3 consecutive days each month. HIV-unexposed children were randomized at 6 months of age, regardless of age of enrollment. HIV-exposed children were started on trimethoprim-sulfamethoxazole prophylaxis and then randomized after cessation of breast-feeding and confirmation of their HIV-negative status (median age 10 months). Chemoprevention drugs were administered unsupervised at home according to weight-based guidelines.
Participants received all of their medical care at a designated Tororo District Hospital study clinic open every day. Parents/guardians were encouraged to bring their children to the clinic any time they were ill. For children who presented with a documented fever (tympanic temperature 38.0 C measured at the study clinic) or history of fever in the previous 24 hours, a blood sample was obtained by finger prick for a thick blood smear. If the smear was confirmed positive by the laboratory, the patient was diagnosed with malaria. Episodes of uncomplicated malaria were treated with artemetherlumefantrine (AL), the recommended first-line treatment in Uganda. AL was administered twice a day for 3 days, with the first daily dose given directly observed in the clinic and the second daily dose given to caregivers to administer at home. Episodes of complicated malaria (severe malaria or the presence of other danger signs) or treatment failures occurring within 14 days of prior therapy were treated with quinine. Study participants were followed until they reached 24 months of age or were prematurely withdrawn from the study for any of the following reasons: 1) movement out of the study area, 2) failure to be seen in the study clinic for over 60 consecutive days, 3) withdrawal of informed consent, or 4) inability to comply with the study schedule and procedures.
Household questionnaire. A detailed survey collecting information on household demographics and possessions was administered on the day of enrollment as described previously. 17 Specifically for this sub-study, a pretested, structured questionnaire to collect information on potential household risk factors was administered from June-August 2013 by trained interviewers in the local languages. The Uganda 2011 Demographic and Health Survey was used to develop the questionnaire. The questionnaire was tailored to only include household factors linked to malaria in previous studies and household factors with a biologic plausibility of being linked to malaria incidence. 18 The questionnaire consisted of two parts, the primary caregiver questionnaire and the household questionnaire. The primary caregiver questionnaire contained questions related to primary caregiver demographic information and occupation, household food insecurity, and the study participant's daily routine. Staff at the Tororo District Hospital study clinic administered this questionnaire during appointments if caregivers visited the clinic or alternatively during household visits conducted specifically for the survey. The household questionnaire contained questions related to household size, house structure, sources of water, electricity, cooking fuel, proximity of animals to the house, and specific aspects of the room where the study participant slept: materials of floor, walls, and roof in the room; openings (doorways, windows, and eaves) to the room; place where the child sleeps; and number of household members who sleep with the child. The household questionnaire was only administered during home visits with all household information visually verified by study interviewers. During the home visits, the household geographic coordinates were recorded using a global positioning system (GPS) device. All questionnaires were administered using the Questionnaire Development System (Nova Research Company, Bethesda, MD) software on tablet computers.
Statistical analysis. Data analysis was conducted using STATA version 12.1 (STATA Corp, College Station, TX) and ArcGIS version 10 (ESRI, Redlands, CA). A household wealth index was generated from the enrollment survey as previously described. 17 To determine the location of residences, geographic coordinates were entered into ArcGIS geographic information software. Houses were classified as being in or outside of town based on administrative boundaries. Given the distribution of data and to simplify further analyses, the main materials used for floor, exterior walls, and roof were combined into a binary variable classifying homes as either "modern" (non-earth floors, non-thatched roofs, and non-mud walls) or "traditional" (all other homes). The number of rooms in the house, presence of entryways in the study participant's room, number of airbricks in the study participant's room, presence of eaves in the study participant's room, and the primary caregiver's level of education were recoded into binary variables for analysis. The primary caregiver's age was recoded as a categorical variable for analysis. The primary outcome was the incidence of malaria, defined as the number of incident episodes of malaria per time at risk. Any episode of malaria occurring within 14 days of a previous episode was not considered an incident event. Time at risk was defined as time between 6 and 24 months of age, minus 14 days after each incident episode. Data on study participants and their households were included if the study participant reached 6 months of age, were observed for at least 60 days, and were actively in the parent study at the time the household questionnaire was administered. Associations between covariates of interest and the incidence of malaria were estimated using both univariate and multivariate negative binomial regression models controlling for the assigned chemoprevention arm. The following covariates with a significance level of 0.05 using univariate analysis were included in the multivariate model: house construction type, location of residence, number of rooms in the house, presence of an entryway to the outside in the study participant's room, presence of windows (defined as an opening in the wall 1 ft. 2 in size with or without screening or a covering) in the study participant's room, eaves, or airbricks in the study participant's room, location of sleeping space (i.e., sleeping directly on the ground or a bed on the ground versus sleeping on a bed raised off the ground), household wealth, and the primary caregivers' age and level of education. After running the multivariate binomial regression model, residual values were mapped and tested for spatial autocorrelation using Moran's I. 19 Because there was evidence of spatial autocorrelation, a semivariogram was generated using the residual values to determine the distance over which spatial autocorrelation was present. This was then used to construct a hexagonal lattice, with cell diameter set to the semivariogram range value (4.1 km), to group households. The cell to which each household was located was then included as a 
RESULTS
Study profile and characteristics of study participants. Of a total 600 infants enrolled in the parent study (one infant per household), 7 were withdrawn before reaching 6 months of age, 70 were withdrawn before the household questionnaire was administered, and 8 were observed for 60 days; this left 515 infants in this analysis. Characteristics of the study participants are presented in Table 1 . Approximately 75% of the study participants were not exposed to HIV whereas 25% were HIV-exposed, equally distributed across the four chemoprevention arms. All but three study participants (99.4%) were followed to 24 months of age and compliance with ITNs was high-over 98% of caregivers reported that the child slept under an ITN the prior evening at the time of monthly routine assessments. A total of 3,024 incident episodes of malaria were diagnosed over 633 person-years at risk, resulting in an overall incidence of malaria of 4.78 episodes per personyears at risk. Stratified by chemoprevention, the incidence of malaria per person-years at risk was 6.34 in the no chemoprevention arm, 5.94 in the monthly sulfadoxine-pyrimethamine arm, 4.28 in the daily trimethoprim-sulfamethoxazole arm, and 2.80 in the monthly dihydroartemisinin-piperaquine arm.
Materials used in household construction. The frequencies of various materials used in household construction are presented in Table 1 . The majority of homes used traditional materials defined as earth floors (85.4%), mud and sticks or mud brick walls (82.5%), and thatched roofs (56.9%). The frequencies of all observed combinations of materials used for household construction with the observed incidence of malaria for each combination are presented as a Venn diagram in Figure 1 . The most frequent combinations observed were traditional materials for the floor, walls, and roof (55.9%); traditional materials for the floor and walls with a modern roof (24.3%); modern materials for the floor, walls, and roof (12.2%); with all other combinations represented by 5% households or less. Given the strong degree of correlation between materials used for house construction, it was not possible to evaluate the independent associations between house construction materials and the incidence of malaria. The one exception was roof type, where a sufficient number of houses had only a modern roof, but this was not associated with a significant difference in the incidence of malaria compared with houses with only traditional materials (6.09 versus 6.19 episodes of malaria per person-years at risk, P = 0.64). Once combined into a binary variable, 12.2% homes were modern homes (non-traditional materials used for floor, walls, and roof) and 87.8% homes were traditional homes (any traditional materials used). The spatial distribution of modern and traditional homes categorized by the incidence of malaria is presented in Figure 2 . Houses located in town were significantly more likely to be modern compared with those in rural areas (45.0% versus 9.5%, P 0.001).
Factors associated with the incidence of malaria. After controlling for the assigned chemoprevention arm, the following HIV = human immunodeficiency virus; ITN = insecticide-treated bed nets; TS = trimethoprimsulfamethoxazole; SP = sulfadoxine-pyrimethamine; DP = dihydroartemisinin-piperaquine.
*At the time of monthly routine assessments. covariates were significantly positively associated with the incidence of malaria in univariate analyses: house construction type, location of residence, number of rooms in the house, presence of an entryway to the outside in the study participant's room, presence of windows (defined as an opening in the wall 1 ft. 2 in size with or without screening or a covering) in the study participant's room, eaves or airbricks in the study participant's room, location of the study participant's sleeping space (i.e., sleeping directly on the ground or a bed on the ground versus sleeping on a bed raised off the ground), household wealth, and the primary caregivers' age and level of education (Table 2) . In multivariate analysis, after additional adjustment for spatial autocorrelation, living in a modern home was associated with approximately half the incidence of malaria compared with living in a traditional home (incidence rate ratio [IRR] = 0.54, P = 0.001). Other factors independently associated with a lower incidence of malaria in multivariate analysis included living in town versus a rural area (IRR = 0.37, P 0.001), the presence of one or more windows in the study participant's room (IRR = 0.71, P 0.001), presence of eaves in the study participant's room (IRR = 0.81, P = 0.01), four or more airbricks present in the study participant's room (IRR = 0.77, P = 0.04), having a primary caregiver above 21 years of age (22-35 years: IRR = 0.75, P = 0.003; 36-68 years: IRR = 0.68, P = 0.003), and having a primary caregiver with more than a primary school level of education (IRR = 0.78, P = 0.04) ( Table 2 ).
DISCUSSION
We investigated associations between household factors and the incidence of malaria in a cohort of children living in a highly endemic area, with a focus on materials used in house construction. The incidence of malaria was remarkably high in this setting despite the use of ITNs and a range of chemopreventive regimens. Living in a modern house, defined as having non-earth floors, non-thatched roofs, and non-mud walls, was associated with an almost 50% lower incidence of malaria compared with living in a traditional home. Other factors found to be associated with a lower incidence of malaria included living in town, sleeping in a room with openings to the outside (windows, eaves, and airbricks), and having a primary caregiver of older ages and a higher level of education.
Malaria has long been recognized as a disease of poverty.
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Although recent progress has been made in reducing the burden of malaria, largely due to the scale-up of proven control interventions including ITNs, IRS, and ACTs, additional interventions aimed at supporting socioeconomic development could prove to be highly effective and sustainable. 20 One such approach is improving the quality of housing in resource-limited settings characteristic of much of sub-Saharan Africa based on the growing body of evidence that well-built, modern housing is protective against malaria. In studies from the Gambia, South Africa, Tanzania, and Bangladesh, homes with mud walls were associated with a higher vector density and increased risk of clinical malaria compared with homes with walls made of other materials including cement or concrete. 4, 5, 8, 9 Homes with roofs made of earthen materials, such as mud, grass, or "thatch," were associated with an increased malaria prevalence and incidence of malaria compared with homes with roofs made of iron sheets in studies from Burkina Faso and Ethiopia. 7, 10 Several studies classified housing structures into quality groupings according to the composition of the construction materials and found poorer house quality to be associated with greater presence of mosquitoes in the home or a higher incidence of malaria. A study from Sri Lanka identified poor housing construction-defined as lacking brick walls and a roof of either tiles, corrugated iron, or asbestosas being associated with a higher vector density. 12 A similar study from Sri Lanka concluded that living in the worst type of house construction (mud or thatched walls and thatched roofs) was associated with a higher incidence of malaria compared with those living in houses with completed brick and plaster walls and tiled roofs. 13 In a larger study of intermittent preventive treatment of malaria conducted in Tanzania, high-quality housing based on an index of dwelling characteristics was associated with a lower incidence of malaria and vector density. 21 Quality housing is thought to provide protection from malaria by blocking entry and reducing the density of the mosquito vector. Poor-quality material used for walls, such as mud, may provide more entry points through cracks in their surface. 5 Anopheles gambiae, one of the primary vectors in Africa, typically approaches a home via scent, flies up the external wall, and enters the house through open eaves, attracted by the microclimate and odors of humans coming from the house. 22, 23 Similarly, traditional thatched roofs may be associated with holes and eaves with large gaps that enable mosquito vectors common in Africa to enter. 22 Traditional floors made of earth may also provide an odorous and moist environment, attracting mosquitoes to the dwelling.
In this study, we found that compared with living in a rural environment, living in town was associated with a lower incidence of malaria. Although there was a strong association between living in town and having a modern home, the associations between both house construction and location were independently associated with malaria incidence in the multivariate analysis. These findings suggest that a higher concentration of good-quality housing may provide benefits for the surrounding community, in addition to protecting their occupants. Alternatively, living in a more urban setting may be associated with factors other than house quality that are protective against malaria, such as negative impacts of urbanization on the larval ecology of mosquitoes. 24 An interesting finding in this study was the association between an increase in the number of openings in the room where the study participant slept (presence of windows or eaves) and a lower incidence of malaria, which is contradictory to the findings from several other studies. [4] [5] [6] 22, 23, 25 Indeed, conventional wisdom would suggest that more openings would lead to a higher mosquito density and an increased risk of malaria. In a randomized controlled trial from the Gambia, full or ceiling screening was associated with a reduction in vector density and childhood anemia, but had no effect on the prevalence of malaria infection. 25 A possible explanation for these findings seen in our study is the effect of openings on the temperature and airflow in the house and compliance with ITNs. The presence of windows, eaves, and airbricks may cool the home at night and deter indoor-biting mosquitoes. This hypothesis is supported by a study from Ethiopia, where homes with windows were found to have a lower density of indoor biting mosquitoes compared with homes without windows. 23 Increased openings may also increase airflow and reduce thermal discomfort, therefore improving compliance with sleeping under an ITN throughout the night. 26 In addition to reducing the risk of malaria infection, studies have shown that improved household construction is also associated with a reduction of other infectious diseases. Nondirt floors and cinder block walls have been associated with lower prevalence of vector-borne Chagas disease. 27 People living in rural households with dirt floors are at higher risk of acquiring soil-transmitted helminths Ascaris lumbricoides and Trichuris trichiura infections. 28 Improved natural ventilation HOUSE CONSTRUCTION AND MALARIA RISK in a household because of an increase in windows and entryways is associated with lower transmission of air-borne pathogens such as tuberculosis. 29 The high cost of household improvements could therefore be justified by the multifaceted protection they may offer against these common diseases in resource-limited settings.
There were several limitations to this study. The observational study design limits one's ability to make causal inference about factors associated with a lower incidence of malaria. We did not collect any entomological data, precluding our ability to make linkages between risk factors of interest, vector density, and clinical outcomes. Other studies reporting similar associations between poor house construction and an increased incidence of malaria have successfully included this absent information to give a clearer picture. 21 Another limitation is self-reported ITN use. Over 98% study participants reported sleeping under an ITN the previous night at the time of routine assessments, however, actual compliance with ITNs was not confirmed through visual inspection at the home. Finally, our household questionnaire was conducted at a single point in time and therefore we were unable to account for possible changes in household characteristics over time.
In summary, the burden of malaria may remain high in some settings despite the use of widely accepted control interventions, suggesting the need for additional novel approaches. This study adds to the growing body of evidence that improved house construction may be associated with a lower risk of malaria. Future, well-designed studies should evaluate interventions aimed at improving house quality as a sustainable and cost-effective means of reducing the burden of malaria.
